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1 NTRODUCTION 

Combustion cf coal f o r  heat,  steam, and e l e c t r i c a l  power aencration i s  by 
f a r  the la rges t  s i n a l e  source of atmospheric su l fur  dioxide pol lut ion ir, t h e  
United States;  i t  current ly  accounts f o r  about txo-thirds  of the t o t a l  s u i f u r  
oxide emissions. The Federal Government has est?bl ished Standards o f  Perfor- 
mance f o r  Fie:./ Stationary Sources ( 1 ) .  These standards l i n i t  the discharoe of 
s u l f u r  dioxide in to  the atmsphere to  1..2 pouncis per a i l l i o n  Bty 's  of heat 
i n y t  f o r  solid f o s s i l  fuel cccti ist ion operaricns generating more t h a n  250 iliil- 
l i o n  Btu's per hour .  T h i s  eriission l i n i t  correspcnds t o  a rliaxinm sti lfur 
content r e s t r i c t i o n  of 0.5 - 0.8:; f o r  nost  Eastern coals .  tio!.!ever, coai f o r  
u t i ' i i t y  consum3tion zveraues about 2.5 - 3.0;: su l fur .  The Xeyers' Process 
presents a new and poten t ia l iy  lo:.! cost  approach t o  fleeting a s ign i f icant  
portion of the requi remnt  f o r  low s u l f u r  coal .  

The Meyers' Process, i n i t i a l l y  developed by TRW, Inc. ,  u t i l i z e s  a siinple 
chemical leaching i x t h o d  t o  remove iron pyr i te  from the  coal m t r i x .  The 
process i s  presently a t  a bench-scale developixnt phase, under sponsorship 
of the Control Sys tws  Division, Office o f  Research a n d  l ionitorin?,  Environ- 
mental Protection Agency, ,v/ith an objec t ive  of obtaining a l l  data necessary 
f o r  the design and operation of a p i l o t  or, eventually,  a demonstration plant.  

This paper presents t h e  r e s u l t s  of prel ininary comercia1 sca le  process 
engineering and  econcinic a s s e s s r m t s  of the  i,!e:/ers' Process and  describes the  
potential  o f  the  process f o r  ccfivertinc current  steam coal production t o  a 
s u l f u r  level consis tent  with Federal regulations f o r  cont ro l l ing  s u l f u r  dioxide 
emissions from s ta t ionary  sources. 

. 
. 
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GENERAL PROCESS CHEMISTRY 
' .  

The basis f o r  the  Meyers' Process f o r  the  removal of inorganic ( p y r i t i c )  
s u l f u r  from coal involves contacting the i ron p y r i t e  i n  the  coal w i t h  a n  
aqueous f e r r i c  s u l f a t e  so lu t ion  and  oxidizing the  pyr i t ic  s u l f u r  t o  elemental 
s u l f u r .  The f r e e  sulfur can then be removed from t h e  coal matrix by solvent 
ex t r ac t ion  or various other  processina nethods (e.g. , steam o r  vacuum vaoori- 
z a t i o n ) ,  and the  oxidizing agent can be regenerated (e.g., by a i r  oxidation) 
and recycl ed. 

individual process operations as  follows: 
The  chemistry associated w i t h  the  process can be i l l u s t r a t e d  f o r  the 

Leacher: 2 Fet3 t FeS2 - Coal -+ 3 Fet2 t 2 S 

Regeneration: 3 Fe+* + 3/4 O2 + 3 Fet3 + 3/2 [O=] 

FeS2 t 14 Fet3 + 8 H20 + 15 Fet2 t 2 SOq= t 16 Ht 

Coal (1 1 
Sulfur  Recovery: S Coal -+ S (elemental) t Coal (2)  

( 3 )  

In addi t ion,  about EO oercent  of t h e  p y r i t i c  su l fur  content of the coal has 
been found t o  oxidize t o  s u l f a t e  which dissolves in the aqueous leaching 
so lu t ion .  The postulated chemistry f o r  s u l f a t e  formation d u r i n g  the  pyr i te  
leaching i s :  

(4 1 

The unique aspect o f  t h i s  process i s  t h a t  i ron ;s x e d  t3  remove i rcn .  
Also, t h e  u t i l i z a t i o n  of a n  iron s g l f s t e  leaching system eliminates the cossi-  
b i l i t y  of depositing extraneous chernicals on the coal (both iron and s u l f a t e  
a r e  present i n  ra'v c o a l ) .  
t h e  process, when vie!ved a s  a u n i t ,  renoves iron pyri te  from coal by u t i l i z i n a  
a i r  (or  oxygen) as a raw nateria ' l  and produces elemental s u l f u r  and iron sul-  
f a t e s  and/or  iron oxides as  products. 

Since t h e  leaching solution can be regenerated, 

. 

PROCESS ENG I PI E E RI N G 

The prooosed process design i s  based mainly on the r e s u l t s  o f  laboratory 
and bench-scale exDerinentation s tudies  dealing with Lo1::er Kittanning coal.  
The base case processinq r a t e  vias selected a t  100 tons of coal per hour (equi- 
valent  t o  a 250 l4!4 u t i l i t y  output)  w i t h  approxinately 3 . 2  tons per hour of 
p y r i t i c  su l fur  removed from t h e  coal.  

A block diagram showing the  processing s teps  current ly  envisioned f o r  
the removal o f . p y r i t i c  s u l f u r  from coal is  presented i n  Fiaure 1 .  
contains  four main sec t ions .  

The process 

- Pyri te  leachinq with f e r r i c  s u l f a t e  solution. 
Regeneration of t h e  f e r r i c  s u l f a t e  leach solution. 
Coal wash ing  w i t h  water. 
Sulfur recovery by solvent  extract ion and coal drying. 

. 
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Pyr ; te  Leachinp 

Based on experimental r e s u l x ,  a countercurrent leach s tcp appears 
des i r ab le ;  f resh ly  regenerated f . i r r i c  ion i s  f i r s t  contacted with coal 
nearly depleted in pyr i te .  Preliminary experinental resu l t s  indicate  t h a t  
ne i ther  ferrous ion nor  , s u l f a t e  ion buildup has a s ign i f icant ly  adverse 
e f f ec t  on the react ion;  thus,  the nearly spent leach solut ion should s t i l l  
be act ively at tacking pyr i te  on the freshly introduced coal stream. Nith 
f resh  coal introduced a t  the  beginning of the leach, there  i s  probably suf-  
f i c i e n t  pyri te  near t he  surface of the  coal pa r t i c l e  so t h a t  no ef fec t  on 
the r a t e  of etchinq of the  pyr i te  surface i s  produced by the high ferrous 
ion concentration. I t  i s  believed t h a t  toward the end of the leach s tep,  
t he  r a t e  of reaction i s  controlled mainly by counterdiffusion of f e r r i c  ion 
i n t o  and  ferrous ion out  of the pores i n  the coal pa r t i c l e s ;  the r a t e  i s  
thereby benefited by high f e r r i c  a n d  low ferrous ion concentrations in the  
leach solut ion.  I f  t h i s  model of the leach s tep  i s  cor rec t ,  then the leacher 
requires  l i t t l e  bulk nixing. Equipnient. which slowly moves coal countercurrently 
through a slotvrly flowing stream of leach  solution will be highly e f f ec t ive  as 
a leach reactor. 

Three coal p a r t i c l e  s i zes  ( - 1 / 4  inch, -14 me.sh, and  -100 mesh) have been 
s tudied during the present experimental vrork. 
su l fu r  removal i s  possible with a l l  of the above coal .par t ic le  s i zes .  The pro- 
cess design proviies f o r  a coal leach residence tirne of four hours. 
design temperature i s  a t  or near t h e  atmospheric boiling p o i n t  of the solution 
(about 100OC) and the  design pressure i s  atmospheric. 

I t  i s  ant ic ipated from current.experinenta1 resu l t s  t h a t  the  reaction of  
f e r r i c  i o n  w i t h  pyr i te  i n  coal wil l  y ie ld  a S O i / S  reaction prJduct r a t i o  of 
a b o u t  1.5/1. A leach solut ion of approximately 7500 G?Ll of 0.5 M f e r r i c  i o n  
concentration ( 100% excess of f : r r i c  i o n  required f o r  complete react ion)  w i t h  
l i t t l e  ferrous ion content or ac id i ty  i s  the nominal design feed t o  the leacher. 

The coal discharging fro# the  pyr i te  leacher i s  separated from t h e  b u l k  
o f  the  leach solut ion and  conveyed to  a water wash system. I t  i s  probable t h a t  
the  separation can be accomplishtd w i t h  s inp le  moving-belt screen f i l t e r s  since 
surface f lu ids  are  readi ly  removed d u r i n g  the next processing s tep.  
powerful centr.ifuaes were employed, f l u ids  would not be driven from one-half  of 
t he  coal pores which a r e  oriented totward o r  i n to  the induced centrifugal force 
f i e l d . )  The leach solut ion recovered in .  the separator i s  recycled back t o  the 
pyr i te  1 eacher. 

The resu l t s  indicate  t h a t  pyr i t ic  

The leacher 

(Even i f  

Regeneration o f  the  Pyr i t e  Leach Solution 

Spent  leach solut ion from the  pyri te  reactor  wil l  contain unreacted f e r r i c  
ion, ferrous ion, by-product and recycled su l f a t e  ion, recycled a n d  spent wash 
water, acid produced by the su l fu r  and  s u l f a t e  react ions,  numerous minor e le-  
melits, and possibly sone xa te r  soluble  organic compounds leached from the coal. 
Regeneration o f  the leach solut ion includes the separation of a low ion content 
wash water fo r  re turn t o  the :rash sec t ion ,  the a i r  oxidation o f  ferrous ion t o  
f e r r i c  i o n ,  and the  separat ion of ferrous or f e r r i c  su l f a t e  a n d  iron oxide in  
the  quant i t ies  produced during the  leach s tep.  
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Regeneration of  f e r r i c  ion from a n  aqiteous solut ion o f  ac id ic  ferrous ion 
i s  readi ly  accomolished by oxida;ion w i t h  a i r .  
regeneration may be carr ied out in  equipc;ent separate  from t h e  pyr i te  leach 
reaLtor. This arrancenent offers '  the  grea tes t  opportunity f o r  using technoloay 
developed inde2endently of  t h e  coal leaching. 
t i o n  has m u c h  i n  comon v i th  treatment of spent pickle solut ions from descalin? 
of iron or s t e e l .  
g rea tes t  a t ten t ion  in hydrochloric acid pickling where oxidation of ferrous 
chlor ide t o  f e r r i c  chlor ide precedes hydrolysis and acid recovery..) 

As shown i n  Figure 1 ,  the 

(ReGeneration of coal leach solu- 

1 

I 

Oxidation o f  ferrous ion t o  f e r r i c  ion i s  receivina the 

Water Clashing 

. 
residual leach solut ion.  
s u l f a t e  on  the coal d u r i n a  drying and reduce the extract ion e f f ic iency . )  
bench s c a l e  ex>erience,  i t  has been found t h a t  drained Lo1;rer Kittanning coal 
re ta ins  a b o u t  20; x/w of the f e r r i c  s u l f a t e  leach solut ion.  (These weights 
were s imi la r  f o r  e i t h e r  the -1/4 inch o r  the  -14 rresh samoles.) 
leach solut ion from the pores o f  the coal par t ic les  i s  probably a diffusion 
controlled process and, i f  t h i s  i s  the case,  c.ou1d ideal ly  be carr ied o u t  in  a 
countercurrent !;rasher r:ith long residence t ir ie.  I t  i s  reasonable to  predict  
t h a t  a vrashinq t i z e  of 5 t o  507; o f  the  leaching t i n e ,  a n d  wash water reauire-  
ments i n  the range of one-half t o  one pound water per pound of coal would be 
capable of renoving subs tan t ia l ly  a l l  of the  residual l e a c h  so'rution from the 
coal.  The spent :./ash water i s  pc7;lped t o  the pyr i te  leacher ,  and the water on 
the coal discharping from the water washer i s  drained on a moving-belt screen 
f i l t e r .  (Bench sca le  experience indicates  drained Lower Kittanning re ta ins  
about 15% w/w wash water based on dry coal weight.) 

\ later washing t h e  coal leaving the  pyr i te  leacher i s  necessary t o  remove 
(Leach solut ion not washed front t h e  coal wil l  deposi t  

From 

The reroval of 

\!, 

-- Sulfur  Extraction and  Coal Dryino 

The coal ex i t ing  the  {brasher s t i l l  contains elecental  s u l f u r  formed from 
pyr i te  i n  the  coal p a r t i c l e s  during the leach reaction. The proposed Crocess 
shown i n  Figure 1 uses a dissolvent  (e .q . ,  a r m a t i c  or  a l i p h a t i c  hydrccarbcn) 
t o  e x t r a c t  the elemental s u l f u r  from t h e  coal.  Residual wash \;rater i s  a l so  
dispiaced from the  coal pores during t h e  su l fur  extract ion.  Toluene has been 
u.sed f o r  extract ion i n  laboratory and bench scale  exaerinental  work, b u t  any 
low priced, convenient sol vent could be subst i tuted.  

cause s u l f u r  t o  p rec ip i ta te  from so lu t ion ,  f i l t e r e d  t o  recover the  sulfur, and 
separated from a n y  irnrnissible water. 
and recycled to  the  s u l f u r  ex t rac tor .  

The coal e x i t i n c  the  s u l f u r  ex t rac tor  i s  conveyed t o  a solvent dryer where 
any residual s u l f u r  solvent  i s  removed. 
the  solvent f r m  the coal and  carry i t  t o  a condenser where the  solvent  i s  con- 
densed, separated frcm the i n e r t  gas,  and recycled t o  the  sulfur ex t rac tor .  
dry processed coal is  allowed t o  cool and i s  then conveyed t o  s torage.  

The hot,  su l fur - r ich  solvent exitin: the su l fur  ex t rac tor  i s  cooled to  

The low su l fur  content solvent i s  reheated 

A heated i n e r t  g a s  i s  used t o  evaporate 

The 



20 

Several a1  terna.t ive imethods f o r  removing and recovering elemental su l fur  
from coal have  been assessed i n  ppel iminary evaluations.  One riethod involves 
heating t h e  w e t ,  water-washed coal. t o  molten sulfur tenperature ( i  . e . ,  250°F) 
under pressure (15 to  50 psig)  a n d  then rapidly depressurizina the coal t o  
cause steam t o  be forived i n  the. pores. I t  i s  postulated t h a t  the steam ventina 
from the  pores wil l  d r ive  the  l iquid s u l f u r  droplets  from the pores and  in to  
the steam condensation equipment. 
.able,  the  solvent extract ion and solvent drying s teps  can be eliminated, a n d  
steam str ipping t h e  sulfur byproduct to  reniove solvent would be unnecessary. 

Other processing methods whl'ch have been proposed as a l te rna t ives  t o  the  
s u l f u r  solvent extract ion include: 1 )  melting a n d  displacenent of the  su l fur  
i n  the coal by superheated water ( i . e . ,  50 p s i g ,  300°F) and 2)  vaporization of 
the elemental s u l f u r  by a heated iner t  c a r r i e r  a a s . ( e . g . ,  n i t rogen) ,  fol1o:red 
by cooling of t h e  c a r r i e r  gas a n d  condensation a n d  separation of the su l fur .  

I f  such a process s tep i s  found t o  be oper- 

PROCESS ECONOMICS 

Capital a n d  oceratinq costs  have been e s t i r a t e d  by TRW f o r  a Neyers' pro- 
cessing p l a n t  capable of handling 100 tons of coal per h o u r  ( s u f f i c i e n t  to feed 
a 250 f.RI coal f i r e d  p o w r  p l a n t ) .  Table 1 presents a .sunnary of the capi ta l  
and processinc! cos ts .  The estimated overall  processing cost f o r  the baseline 
p y r i t i c  su l fur  removal Drocess i s  $1.95 Der ton of coal ( a t  per N.1 B t u ) .  The 
capi ta l  cos t  f o r  t h e . p l a n t  i s  estirnated to  be $4 mill ion,  As the  process i s  
f u r t h e r  developed from ;he bench-sc.zle % r k  these cost  f i y r s s  Y +  11 chanae 2nd  
thus t h e  process economics wlll  be accordingly undated a n d  independently examined. 

The coal processing c o s t  is based on 10-year s t r a i g h t  l i n e  depreciation 
o f  the capital  plus 10 percent o f  capi ta l  comnitted annually f o r  maintenance, 
taxes and insurance, The d i r e c t  labor costs  correspond to 41 operators including 
s h i f t  foreman and plant  foreman. A weekly cost  per operator was estimated a t  
$200 plus 25 percent payroll burden for f r inge  benefi ts .  :lo c r e d i t  was allo>xed 
f o r  the  process products: elemental s u l f u r ,  iron oxide a n d  iron s u l f a t e .  Also 
no su l fur  solvent was assumed retained in the processed coal. 
solvent  re tent ion i n  the  processed coal ,  the  processing cost  increases by approxi- 
mately 6t/ ton coa l . )  

The capi ta l  cost  es t imate  was developed by estircatinq major equipnent costs 
and applying i n s t a l l a t i o n  fac tors .  The capi ta l  includes equipment costs  f o r  a 
25 f t .  diameter x 100 f t .  long s t a i n l e s s  s teel-clad kiln-t:dpe leach vessel ,  
separa tors ,  brasher, sulfur  ex t rac tor ,  solvent  dryer and  leach solut ion regene- 
r a t i o n  (factored from the leacher c o s t ) ,  heat exchanoers (based on Calculated 
sur face) ,  puaps and a i r  blower (calculated from estimated horse.sower). Each 
equipment cost was n u l t i p l i e d  by a fac tor  t o  co'der f i e l d  ha te r ia l  and  labor ,  
engineering, e t c . ;  these i n s t a l l e d  costs  were t h a n  added t o  Sive the to ta l  
cap i ta l  cos t .  

The costs do not include those f o r  a coal preparation p l a n t  because they 
may already be included i n  u t i l i t y  operatin? cozts .  
t r i c  genera'tinq f a c i l i t y  u t i l i z e s  a pulverized coal f i r e d  boi le r ,  much of  the 
coal preparation requirement may already be i n  operation. 

_c , 

, (For 0.1:; w/w 

For instance,  i f  an elec- 

Also i f  a u t i l i t y  
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Table 1 
I 

Meyers' Process Economics 

\ 

I Capital Investment 

Pyri te  Leach System 
Leach Solution Regeneration System 
Water Wash Unit 
Sulfur  Extractor and Coa 

Total Cap 
Dryer 

t a l  

Processin9 Cost 

Uti1 i t i e s  
Labor 
tlaintenance, Taxer and Insurance 
Depreciation 

Total Processing Cost 

- $MM 

1.5 
1.0 
0.5 
1.0 
4.0 
- 

$/Ton Ccal 

0.35 
0.60 
0.50 
0.50 
1.95 
- 
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i s  current ly  purchasing coal wh'ch has  been t reated i n  a coal nrenaration 
p lan t  to reinove rock, e t c . ,  additional coal oreparation costs clay not be 
necessary,  as prel ininarv experi -ental r e s u l t s  have demonstra :ed the  I:eyers' 
process capable of handling lar?: coal p a r t i c l e  s i z e s  (e.g., -1 /4  inch).  

No provision was included f o r  a re turn on investment charge f o r  a Mcyers' 
process plant, s ince the  j u s t i f i c a t i o n  f o r  plant i n s t a l l a t i o n  would be com- 
pl iance with pol lut ion control  reaulat ions and/or the cost  incentives asso- 
c ia ted  w i t h  u t i l i z i n g  low c o s t  h i g h  s u l f u r  coal. 

POLLUTION CONTROL 

The lleyers' process f o r  the  extract ion of p y r i t i c  s u l f u r  will  have essen- 
Since t i a l l y  100:; a?pl icat ion to  ne:./ a n d  exis t ing coal coE!bustion a c t i v i t i e s .  

t h e  proccss produccs a cleaned fuel frog rabi coal ,  i t  can be ins ta l led  a t  
e i t h e r  a coinbustion s i t e  o r  a mine-mouth locat ion.  

The present t e s t  work h a s  sho!m the k y e r s '  process t o  be capable of 
achievinq nearly t o t a l  removal of p y r i t i c  su l fur  from coal.  
t ions  obtained have nat indicated any v a r i a t i o n s  due t o  the r a n k  o f  the  coal,  
coal region, o r  coal bed. A t  an estimated oDeratin9 cost of $1.95 per t o n  of 
coal processed, the  p y r i t i c  su l fur  removal process has excel lent  economic 
potent ia l  for use e i t h e r  alone o r  in conjunction :rith a n  orqanic s u l f u r  control 
technique. The two Drocesses could present a unified overall  techniaue for  the 
t o t a l  elimination of s u l f u r  dioxide emissions from cogbustion of the  processed 
coal .  Evaluations i n d i c a t e  t h a t  use of'  the p y r i t i c  sulfur removal Frocess as 
t h c  sole SO? control technique can r e s u l t  in a considerable imqact upon sulfur  
dioxide mis s ion  control .  

The pyr i te  reduc- 

Coals which t y p i c a l l y  contain a majority of t h e i r  su l fur  content i n  a 
p y r i t i c  form a r e  fcund in  the coal mining regions of the Eastern United States  
(Appalachian Basin).  These coal regions a re  im?or t an t  because the A?palaciiian 
Basin contains one-third of the  known rexaining bituminous coal reserves o f  the  
United States  a n d  ow-hal f  of t h ?  estimated to ta l  remaining resources eas t  of 
t h e  I$ississip?i River, reoresenting a to ta l  reserve value of over 280 b i l l i o n  
tons  of coal ( 2 ) .  The ApFalachian Easin also supplies 60:; of the to ta l  U .  S. 
demand f o r  bituminous coal ( 3 ) .  

The su l fur  content of  the s t e m  coals  i n  the  Eastern coal mining regions 
has been extensively examined by the U .  S .  Degartment o f  the I n t e r i o r ' s  
Bureau of Nines ( 4 ) .  
coals  i n  conjunction with coal bed charac te r i s t ics  f rcn  the 1971 edi t ion o f  
t he  Keystone Coal Industry Nanual ( 3 )  indicates  t h a t  l e s s  t h a n  10:: o f  the coal 
mined f o r  u t i l i t y  use in the  AF9alachian Basin i s  capable.of meetina the su l fur  
dioxide emission standard of no grea te r  t h a n  1 . 2  pounds  of SO en i t ted  per 
m i l l i o n  Btu's of input energy, as shown in Fioure 2 .  F g u r p  3 a lso  i l l u s t r a t e s  
t h a t  t h e  application o f  the  ;:eyers' process f o r  p y r i t i c  s u l f u r  renioval a t  95% 
ef f ic iency  can increase the  quantity of Appalachian coa capable of meeting the 
performance standard by a fac tor  of four .  

Consideration o f  the  s u l f u r  content o f  the Aapalachian 
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The impact of the I4eyers' process on pol lut ion abatement i s  even more 
evident when consideration i s  given to  the  u t i l i t y  coals  mined i n  the Pennsyl- 
vania b i t u m i n o u s  and Maryland s t a t e  reqions. Figure 3 shows ':hat 234, of the 
as-mined u t i l i t y  coal in  (laryland i s  capable of meeting the r:?w SO2 emission 
s tandards,  while 762 o f  t i e  Maryland coal will  be able t o  meet the  standard 
a f t e r  appl icat ion of the p y r i t i c  su l fur  removal process. 

Figure 4 shows t h a t ,  i n  Pennsylvania, a ten-fold increase i n  useable steam 
coal quant i t ies  above the 5% as-mined bituminous coal which meets the Flew Source 
Performance Standards i s  achieved upon appl icat ion o f  the Meyers' Process. 

CONCLUSION 

In  ac t ive  exDerimentation funded by the Environvental Protection Aqency, 
TRW, Inc., has develoDed a bench-scale method f o r  leaching p y r i t i c  s u l f u r  from 
coal.  In t h e  Ileyers' Process, Dyrit ic s u l f u r  i s  removed by f e r r i c  s u l f a t e  
react ion w i t h  the  Dyrite i n  coal and recoverable elemental su l fur  and dissolved 
s u l f a t e  species a r e  generated. Reaction conditions of 100°C and atmospheric 
pressure a r e  envisioned, w i t h  95-100;; removal of p y r i t i c  su l fur  a r e a l i t y .  
Although the  projected operating cost  f o r  appl icat ion of this p y r i t i c  su l fur  
leachina technicue may make the orGcess a t t r a c t i v e  f o r  use i n  combination w i t h  
an independent, economically low-cost method f o r  orqanic su l fur  removal , the  
Eleyers' process f o r  p y r i t i c  s u l f u r  removal has the potential  f o r  widesoread 
produrtion o f  a clean fuel capable of meeting Standards of  Performance f o r  
New Stationary Sources, 

. 
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